Estimates of erosion rates related to fluvial and landslides processes have been performed for several temporal ranges on the basis of different viable methods. The study area includes three catchment sub-basins of the north-eastern flank of the Agri Valley, a tectonically active morpho-structural low located in the axial zone of the southern Apennines and affected by desertification processes in its middle part. Long and mid-term rates have been estimated evaluating the missing volume of eroded rocks, on the grounds of GIS-aided calculations linked to geomorphological markers corresponding to ancient base-levels of the erosion. Short-term rates have been calculated converting the parameter related to the turbid transport of streams (Tu), derived from the quantitative geomorphic analysis, adopting an average value for the specific weight of the outcropping rocks, Such an approximation has to be considered acceptable because of the presence of conditions of lithological homogeneity in two of the chosen basins. In the light of this, the third basin, characterized by a certain geological heterogeneity, has been assumed as test-site with regard to the other two sub-basins. The average value of the long-term erosion rate from the entire study area is 0.25 mm/y, mainly due to fluvial processes. The comparison of the erosion rates related to the fluvial network activity from early Pleistocene to Present with those related to the mass movements occurred in a more recent (and shorter) time-span indicates that mass movements contribute just for the 1% of the whole erosion estimated in the two homogeneous basins, but they refer to a short time-span (10 ky to Present). A theoretical extrapolation to the past (0.5 to 1 My) allows to consider the contribution of landslides to the total erosion inside the catchment areas as almost equal to the fluvial aliquot. The conversion of the Tu values shows that the short-term rates are generally greater than the rates calculated on the basis of the "volumetric" method, being the average value about 0.46 mm/y. This may mean that the present-day trend of the linear erosion rate could increase respect to the long-and mid-term trend as a response to climate triggering (i.e. more rainfalls and/or sediment supply), or simply represent an instantaneous trivial fluctuation in the long-lasting behavior of the fluvial nets under variable climate conditions. The comparison of all these data with the uplift rates calculated on a regional scale (0.6-1.1 mm/y) confirms that the southern Apennines may represent a non-steady state system.
Introduction
Three catchment sub-basins of the Agri Valley, a tectonically active morpho-structural low located in the axial zone of the southern Apennines (Giano et al., 2000; Boenzi et al., 2004; Capolongo et al., 2005) and affected by desertification processes in its middle part (Basso et al., 2000) , have been studied from a geomorphological point of view to compare the erosion rates related to the fluvial network activity from early Pleistocene to Present with those related to the mass movements occurred in a more recent (and shorter) time-span. The sampled area is about 70 km 2 wide and includes the adjacent hydrographic basins of the Rifreddo, Casale and Alli rivers, sited in the north-eastern flank of the upper valley. This choice has been driven by the following criteria: i) position of the basins in the chain; ii) lithological homogeneity of two of them, constituted by flysch units (Rifreddo and Casale basins), and geological heterogeneity of the third one (Alli River basin), assumed as test-site with regard to the other two subbasins; iii) same hierarchic rank (V order). The study area is characterized by morphogenetic processes, including superficial and deeper mass movements (Monaco, 1991) , strongly controlled by neo-tectonic activity (Giano et al., 2000; Capolongo et al., 2005) .
The geomorphic quantitative analysis has been addressed to the evaluation of the eroded rock volumes by both fluvial and landslide processes. Estimates of the volumes eroded during different time-spans (using the terraced surfaces as age constraints, cf. Schiattarella et al., 2004) have been obtained by a surface analysis special function applied to a GIS platform based on a geo-database of field and multi-temporal aerial-photo-interpreted data. This allowed the calculation of different erosion rates for different Quaternary time intervals and their comparison with the regional uplift and erosion rates from literature relative to southern Italy , and references therein).
Geological setting and geomorphological features
The geological backbone of the study area (Fig.  1) is constituted by Mesozoic pelagic units (Lagonegro units, Scandone, 1972; D'Argenio et al., 1973; Pescatore et al., 1999; Di Leo et al., 2002; Tanner et al., 2006 , and references therein) unconformably covered by Miocene syn-orogenic formations (Albidona and Gorgoglione Fms, Carbone et al., 1991) . In the neighbourhood of the Viggiano village, the Mesozoic shallow-water limestone of the Campania-Lucania Platform (D'Argenio et al., 1973) thrust the Lagonegro units forming the Mt. S. Enoc -Mt. Caldarosa ridge. The upper valley of the Agri River is a N-S to NW-SE trending morpho-structural low, characterized by an articulated planimetric geometry and entirely bordered by faults. In particular, the north-eastern side of the valley is severely affected by the structures of the Quaternary brittle tectonics (Di Niro and Giano, 1995; Giano et al., 1997 Giano et al., , 2000 Cello et al., 2000) , generating a staircase profile of the slopes and strongly controlling the geomorphological evolution of this flank of the basin. Such structures are expressed by left-lateral strike-slip faults, reactivated as normal faults in mid-Pleistocene times on a regional scale (Schiattarella, 1998) . They show the major morphological evidence in correspondence of the Galaino-MarsicovetereViggiano alignment (Boenzi et al., 2004) .
The top of the ridges of the study area is often characterized by flat or scarcely waved land surfaces related to morphological relics of an huge ancient low-potential topography. Since they cut stratigraphic successions and different kinds of tectonic structures, it is possible to interpret them as erosional surfaces linked to ancient base-levels of the erosion. Such land surfaces are diffused in all the sector of the orogenic belt and grouped in several orders, the higher and older of which is commonly known as Paleosuperfice or summit palaeosurface (Brancaccio et al., 1991; Russo and Schiattarella, 1992; Amato and Cinque, 1999; Schiattarella et al., 2003; Amato et al., 2003; Martino and Schiattarella, 2006; Putignano and Schiattarella, 2008; Martino et al., 2009, among others) .
Erosion rates calculations
Long lasting geomorphological researches (Ciccacci et al., 1980 (Ciccacci et al., , 1986 (Ciccacci et al., , 2003 Del Monte et al., 2002; Della Seta et al., 2007) produced many data about denudation rates from some of the major catchments of central Italy. It was observed a noticeable spatial variability of the "denudation index" (Tu) values (Ciccacci et al., 1980) . In order to calculate the erosion rates related to the fluvial processes acting in the past and still working in the three catchment basins investigated in this study, two methods have been here used: the first allows to attain long-term fluvial erosion rates on the basis of the evaluation of rock volumes eroded during the last 1.8 My; the second approach is suitable to the inference of short-term fluvial erosion rates through the assessment of the suspended sediment yield (Tu).
The morpho-tectonic analysis of the study area, integrated by GIS-aided topographic calculation techniques, aimed to evaluate the volumes eroded by streams and relative rates from early Pleistocene to Present, then compared with those due to landslides occurred in a more recent (and shorter) time-span and also matched with the regional uplift rates from literature (Schiattarella et al., 2003; 2006, and references therein) .
Long-term fluvial erosion rate
The erosional land surfaces of the study area are arranged in several orders, included in a wide altitudinal range (750 to 1720 m a.s.l.), dissected by fluvial incision and displaced by highangle faults. The greater remnants are distributed mainly along the water divides, whereas minor fragments are observable inside the catchments: they have been grouped in four orders (S1 to S4 in Figure 2 , after Lazzari and Schiattarella, 2008) . The attribution of the land surfaces to the different orders has been achieved taking into account their altitudinal arrangement ( Fig. 3) , also considering the displacement and the consequent morphological reworking of the summit palaeosurface, in agreement with the previous studies performed in the upper Agri Valley (Giano and Schiattarella, 2002; Schiattarella et al., 2003 Schiattarella et al., , 2006 Boenzi et al., 2004; Capolongo et al., 2005) . The ages of the morphological deactivation (i.e. tectonic uplift) of the land surfaces as base-levels (Tab. 1) have been used to calculate the erosion rates of the study area for different temporal ranges (Tabs. 2 and 3), according to the method proposed by Schiattarella et al. (2004) .
The field surveyed and multi-temporal aerial-photo-interpreted geomorphological data (inventory landslide map, distribution and classification of ancient erosive surfaces, morphotectonic features, lithology) has been georeferenced in a Gauss-Boaga coordinate system and analyzed in a geodatabase including linear and areal elements. The topographic base map (1:10000 scale) permitted to create a DEM for each sub-basis, whereas a special function ("area and volume") of surface analysis using 3D Analyst (ArcGIS) allowed to calculate the total eroded volumes between the main higher erosional palaeosurface (S1) and the other lower land surfaces (S2, S3 … Sn) during different time-spans (using the terraced surfaces as age constraints, cf. Schiattarella et al., 2004) . This automatic method implemented with ArcGIS software is proposed as an alternative to that used by Schiattarella et al. (2004) , based on a graphic method to calculate the eroded volume between two contiguous palaeosurface orders or among several orders of land surfaces and present-day thalwegs, using the average elevation value of every single order (Fig. 4) .
Short-term fluvial erosion rate
In order to evaluate the short-term erosion rate of the study area, a quantitative geomorphic analysis of the hydrographic networks has been carried out following the classical geomorphological approach (Horton, 1945; Strahler, 1957) , applied and widened by some Italian authors (Avena et al., 1967; Ciccacci et al., 1980) . The morphometric parameters gathered from this type of analysis would represent the development and geometry of the drainage basins, that are in turn expression of the erosion, transport and sedimentation processes linked to the river dynamics. Table 1 . Age of land surfaces and time intervals used to calculate the erosion rates (after Schiattarella et al., 2003 Schiattarella et al., , 2006 Boenzi et al., 2004 The quantitative analysis of the hydrographic network has been subdivided in partial subbasins, to be studied as individual geomorphological units (Fig. 2) .
The fluvial net has been organized according to the Strahler method and digitized with the software ArcGIS on geo-referred topographic maps. Starting from the topography and using the software GIS, the main morphometric parameters have been calculated for every basins, such as length and frequency of fluvial streams for each order, calculation of the anomalous streams in relation to their affiliation order (streams that do not feed the collectors of the immediately upper rank), area and perimeter of every basin. From a morpho-tectonic point of view, the meaningful geomorphic parameters are those whose values stress the state of maturity of the basin and give useful elements to point out landscape rejuvenation phenomena. Bifurcation ratio and index (Rb, Rbd and R), elongation and circularity ratios (Re, Rc), and the relief ratio (Rh) absolve to this purpose. Rb, Rbd and R express the state of hierarchical organization of the drainage network, which is related to the maturity of the basin and to its geomorphological processes. Re and Rc describe shape and geometry of the basins and depend on the evolutionary stage of the geomorphological entity. Intersected divides and elongated forms (or low values of these indexes) are typical of young systems. Finally, the relief ratio Rh represents the average slope of the basin and its value tends to zero in the maturity stage. Table 4 shows many critical values of the quantitative parameters for the sub-basins of the study area. The bifurcation ratio of Alli and Casale sub-basins assumes values close to 5, that are expression of a tectonic control on the organization of the drainage network, whereas the same parameter related to the Rifreddo basin has a value grater than 2, pointing out a complex structural setting and a transient geomorphological system. This tendency is also confirmed by the parameters Re, Rc e Rh, describing elongated basins with intersected water divides and slope gradients that locally increase the relief.
Alli River.
The Alli River net develops overall on clay, sandstone and conglomerate in the parts of the basin surrounding the main stream, whereas the central sector is characterized by the presence of cherty limestone and sedimentary siliceous rocks. The main fluvial axis is about 10 km long (V order, sensu Sthraler, 1957) , with a straight channel that in the upper part of the stream cuts an anticline core made of cherty limestone, whereas in its lower segment is entrenched in alluvial fan deposits as a result of the Quaternary uplift.
This basin (18 km 2 ) shows the higher value of "hierarchical anomaly density" (ga = 21.23) with regard to the entire orographic left of Agri River. In fact, such a value is due to several first order segments with a very low mean length, flowing directly into the V order main stream (Tab. 5). This situation is typical of hydrographic networks strongly controlled by tectonics.
Casale River.
The Casale River basin covers an area almost 34 km 2 wide and represents the main tributary on the Agri River orographic left.
The hydrographical network develops mainly on clayey-marly deposits, sandstone and conglomerate and, in minor amount, on cherty limestone and sedimentary siliceous rocks in its north-western sector. In addition, sands, con- glomerates and lacustrine deposits characterize the southern portion of the basin, where the main fluvial channel is deeply entrenched in a wide Pleistocene-Holocene alluvial fan. These lithological peculiarities drive the hydrographical network trends. High value of density (4.59) and frequency (16.5) of drainage are due to low permeability and a certain tendency to the erosion, whereas the Rb and Rbd mean values emphasize a tectonic control on hydrographic setting (Tab. 6). An evident disorganization of drainage network, due to several segments of I and II order directly connected with main fluvial axis, is underlined by Ga, Da and ga high values. Tectonic features exert a direct influence on the fluvial net and the basin geometry, with Re and Rc values close to 0 (elongated and irregular shape).
Rifreddo River.
The Rifreddo river basin covers an area almost 16 km 2 wide and develops mainly on clayey-marly deposits and less on sands and conglomerates of an alluvial fan located along NNW-SSE striking faults.
Quantitative parameters relative to I and II order segments (Tab. 7) show an evident tectonic control on these elements. As a matter of fact, several fluvial channels are directly constrained by fault lines. The high value of ga (10,48) is probably due to both the presence of landslides in the higher part of the basin and the influence of the I order segments of the western slope, where the badlands are mostly developed. Ciccacci et al., 1980) , the drainage density and density of hierarchical anomaly are expressed by the following formula:
Log Tu = 1,82818 log D + 0,01769 ga + 1,53034
Tu was calculated (Tab. 8) using the equation (1) computed by means of morphometric parameters (Horton, 1945; Strahler, 1952 Strahler, , 1957 Avena et al., 1967; Lupia Palmieri, 1983) . Ciccacci et al. (1980) experimentally derived these equation measuring suspended sediment yield at the outlet of several Italian catchments showed the best simple statistical correlation with "drainage density" (D) and multiple correlations with D and "hierarchical anomaly density" (ga). On the contrary, measured Tu values didn't correlate with climatic parameters p2/P (Fournier, 1960) and P x σ (Ciccacci et al., 1977) .
The Tu value has been converted in erosion rate (Ta or incision velocity expressed in mm/yr) considering the average density of outcropping rocks of sample areas according to following expression: Ta = Tu / γs * 10 -3 (2) where Tu is the suspended sediment yield and γs is the specific weight of the drained rocks. Considering the different formations outcropping in the sampled sub-basins, a γs value equal to 2.7 gr/cm 3 has been here used. The erosion rates so obtained are reported in Table 8 .
Slope mass movement contribution to erosion rate.
In order to compare the eroded rock volumes due to fluvial processes with those due to mass movements, an inventory landslides map by field survey and multi-temporal aerialphoto-interpreted data has been created. Data have been implemented and georeferenced in a geodatabase using a GIS platform, whereas the volumes of the landslide deposits have been calculated for each single landslide approximating it to a parallelepiped and assigning a mean depth of the shear surface (Tab. 9).
Rates comparison and final remarks
The most widely available data on erosion rate are those calculated from the discharge of river transported, bedload, suspended and dissolved sediment. In general, these rates are not directly comparable to the erosion rate calculated for landslides because the landslide movement is typically only the first in a series of processes by which material may be removed from slopes and eventually transported out of a region by fluvial action (Keefer, 1994) . Much landslide material does not immediately enter the fluvial system but rather is reworked by subsequent landslides or other processes, perhaps several times, before entering a river. Previous studies have shown that material from landslides and related slope-movement processes not directly deposited in river channels can remain in storage for periods of time ranging from a few months or less to thousand of years. Thus, comparisons of erosion rates calculated by the fluvial discharge method to those calculated for landslides only provide a general index for evaluating the effects of the latter processes.
First results of this study indicate that mass movements contribute just for the 1% of the whole erosion estimated in the two homogeneous Rifreddo and Casale basins (Tab. 10), but they refer to a short time-span (10 ky to Present). A theoretical extrapolation to the past (0.5 to 1 My) allows to consider the contribution of landslides to the total erosion inside the catchment areas as almost equal to the fluvial aliquot. The erosion rate from the Rifreddo basin is 0.35 mm/y in the time interval comprised between the upper part of the early Pleistocene and the beginnings of the middle Pleistocene. The behavior of the studied basins appears to be significantly different in this chronological interval but is comparable in a long-term temporal scale. As a matter of fact, the erosion rate estimated for the Casale basin starting from 1.8 My (age of the palaeosurface at the top of the mountains in the axial zone of the chain, cf. Schiattarella et al., 2003 , and references therein) is about 0.26 mm/y. Data from the more complex Alli basin confirm this framework. The average value of the long-term erosion rate from the entire study area is 0.25 mm/y.
The conversion of the Tu values (Ciccacci et al., 1980) , obtained from the three sub-basins of the Agri River upper valley according to the methodology recently proposed by , showed that the short-term rates are generally greater than the rates calculated on the basis of the "volumetric" method , being the average value about 0.46 mm/y. This may mean that the present-day trend of the linear erosion rate (note that the turbid transport of the streams expressed by the Tu parameter refers to the present hydrographic network) could increase respect to the long-and mid-term trend as a response to climate triggering (i.e. more rainfalls and/or sediment supply), or simply represent an instantaneous trivial fluctuation in the long-lasting behavior of the fluvial nets under variable climate conditions. Finally, the comparison of all these data with the uplift rates calculated on a regional scale (0.6-1.1 mm/y) confirms that the southern Apennines may represent a non-steady state system .
